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Abstract By integrating literature reviews, site observa-
tion, field monitoring, theoretical analysis, summarization,
etc., a construction strategy was proposed and verified for
tunneling with big deformation in this paper. The tunnel
was in phyllite, shotcrete cracks and steel arch distortion
were observed, and a big deformation with a maximum of
2.0 m was monitored during the initial stage of the con-
struction. Through carefully examining the site observation
and laboratory test results, a construction principle was
established for the tunneling on the basic concept of
maintaining the rock strength/stiffness and keeping the
rock dry, by providing confinement pressure to the rock,
reducing the rock exposure time, keeping water out of the
tunnel, etc. To achieve the construction principle, a set of
specific construction measures with 11 items was further
proposed and applied to the construction. To check the
effectiveness of the construction measures, field monitor-
ing was carried out, which showed that the rock deforma-
tion was well controlled and the tunnel became stable. An
allowable deformation was then determined using the
Fenner formulae and the monitored data in order to guide
further construction, which received a good result. From
this study, it can be concluded that providing quick strong
initial support and reserving core soil at the working face
are extremely important to control the rock deformation
and keep the tunnel stable.
Keywords Tunnel engineering  Big deformation 
Construction strategy
1 Introduction
The occurrence of big deformation in tunneling had
become a serious problem since 1906 when an extremely
big deformation was found in the Simplon Tunnel that is
located between Italy and Switzerland [1, 2]. Big defor-
mation could cause a lot of difficulty in several aspects
[3–5]: (1) rock support failure, which induces tunnel
instability such as working face collapsing and roof fall; (2)
tunnel section reduction, in which initial support invades
the tunnel and occupies the space of concrete lining, and an
expansion excavation has to be done again; (3) lining
crack, which causes the tunnel’s instability and water
leakage during the operation.
Based on relevant studies worldwide, big deformation in
tunneling can be classified into four categories [6–8]: (1)
squeezing deformation; (2) swelling deformation; (3)
loosing deformation; and (4) soft rock deformation under
high in situ stress, which frequently causes big deforma-
tion. There could be many factors influencing rock defor-
mation [9–11]. Firstly, the in situ stress and rock strength
would be the most important factors. Obviously, a higher
in situ stress generates a higher stress in the rock and a
bigger load onto the tunnel structure. Under a high in situ
stress, tunneling in soft rock is prone to induce big defor-
mation. In other words, big deformation is believed to
easily occur when tunneling in a soft rock with a high
in situ stress [12]. Secondly, the ground water would be
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another factor as it could significantly reduce the strength
and stiffness of the soft rock. Laboratory tests show that the
water existence can reduce the rock strength up to 90 %
depending on the water flow rate [13]. Thirdly, the con-
struction method, especially the support time, would be
another key factor as it may boost rock overrelaxation and
strength reduction if the support was delayed [14]. In
addition, the intersection angle between the tunnel axis and
the rock structures may affect the rock failure mode and the
rock deformation [15].
The construction experience confirmed the effectiveness
of some measures in avoiding big deformation [16, 17].
The most effective measure would be to strengthen the
working face by applying rock blots and shotcrete, or
reserving core soil at the working face. Once the working
face becomes stable, big deformation can be minimized.
Controlling floor heave and strengthening sidewall base are
other effective measures, and an invert arch could be
considered if required [18]. Providing stronger initial sup-
port and earlier lining can effectively control the rock
deformation. Furthermore, rock deformation monitoring
and advanced geological prediction during the tunneling
are necessary to provide adequate informational data to the
measure decision [19, 20].
However, more and more big deformation cases in
tunneling are still occurring [21]. The problem is that in
most cases, no attention was paid at the beginning and
no effective measures were adopted before the big
deformation was found, which missed the best time to
control rock deformation [4]. In addition, there is a lack
of a comprehensive summary from previous similar
projects in providing references to guide further con-
struction [22].
The Dongsong Hydropower Station is located on the
Shuoqu River in Nishi Town and Dongsong Town of
Xiangcheng County, Sichuan Province, China [23]. It is the
fourth cascade hydropower station with a capacity of
150 MW. The diversion tunnel of the station was laid at the
right side of the river with a total length of 17.862 km and
an overburden of 150–500 m. The tunnel section is in a
horseshoe shape with a width of 7.88 m and a height of
7.96 m.
The major rock encountered is phyllite with a uniaxial
compressive strength (UCS) of less than 4.0 MPa, which
belongs to extremely soft rock according to the Chinese
specifications. The water flow rate of the tunnel is about
103.5 m3/s. A big deformation was observed during the
tunneling with a maximum deformation of 2.0 m, causing
great difficulty and severe delay.
This paper is to investigate the strategy for the tunnel
construction. The site observation was firstly briefed. A
tunneling strategy and a set of measures were then pro-
posed and applied to the construction. Then, an allowable
deformation was determined to guide further construction
of the tunnel.
2 Site observation
As the tunnel is very long, the construction was divided in
nine segments. Eight horizontal branch tunnels were used
in between for achieving earlier completion of the project.
In other words, the tunnel has 18 working faces in order to
speed up the advance. The construction was started in
February 2009, but a big deformation was observed in
branch tunnels 2, 4, and 6. The construction became very
difficult and the advance was much delayed. As of May
2010, only a total excavation length of 6.8 km was com-
pleted in 16 months.
2.1 Site observation from branch tunnel 2
Branch tunnel 2 is 357 m long toward the intersection with
the diversion tunnel. The excavation of the tunnel was
started in May 2008 and completed in September 2009. A
big deformation occurred and the advance was very slow
with an average monthly advance of 21 m.
The excavation of the diversion tunnel through the
branch tunnel 2 was then started from two working faces,
one going upstream and the other downstream. As of
October 2010, the excavation of only 106 m was com-
pleted within 14 months, equivalent to an average monthly
advance of \8.0 m. During that period, the tunneling was
extremely difficult due to big deformation occurrence at the
crown and sidewall. Generally, the deformation ranged
from 10–50 cm, while the mountain side deformed more
than the river side. A deformation of 2.0 m occurred at the
intersection of the branch tunnel and the diversion tunnel.
Due to the big deformation, the shotcrete cracked and steel
arch distorted as shown in Figs. 1 and 2. The initial support
invaded the tunnel and occupied the lining space, and a
second expansion excavation had to be done. Site obser-
vation showed that the rock was wet, very soft, and
extremely fractured; once water was present, the rock could
not be stabilized and advanced support had to be done.
2.2 Site observation from the downstream of branch
tunnel 4
Branch tunnel 4 is 436 m long. Excavation of the tunnel
was started in June 2008 and completed in March 2009
with an average monthly advance of about 44 m.
The excavation of the diversion tunnel through branch
tunnel 4 was then started from two working faces, one
going upstream and the other downstream. As of April
2011, the excavation of 156 m downstream was completed,
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equivalent to an average monthly advance of only 6.0 m,
which was the worst case in the tunneling.
During the tunneling, a big deformation occurred
downstream (S8 ? 267.92–S8 ? 409.46) as well as at the
intersection of the branch tunnel and the diversion tunnel
(K8 ? 237.92–K8 ? 267.92). The deformation ranged
from 6–10 cm at the crown and 10–30 cm at the sidewalls,
and the second expansion excavation had to be carried out.
The maximum deformation velocity was 5.5 cm/day. The
shotcrete cracked and the steel support distorted very
severely (Fig. 3). In particular, the working face at the
downstream area collapsed in April 2010 (Fig. 4), and its
treatment was not completed until April 2011, taking more
than 1 year. Some water was found in the site, which made
the rock wet, soft, and extremely fractured. The in situ
stress is high as the overburden is around 440 m.
2.3 Site observation from the upstream of branch
tunnel 6
Branch tunnel 6 is 360 m long. The excavation of the tunnel
was started in July 2008 and completed in July 2009, taking
13 months with an average monthly advance of about 33 m.
The excavation of the diversion tunnel from branch
tunnel 6 was then started from two working faces: one
going upstream and the other downstream. As of March
2011, an excavation of only 281 m in the upstream direc-
tion was completed, equivalent to an average monthly
advance of only 13.0 m.
During the construction, a big deformation occurred at the
upstream area (S13 ? 493.0–S13 ? 630.0). The deformation
ranged from 9–22 cm at the crown and 10–25 cm at the
sidewalls. A second expansion excavation had to be carried
out. The maximum deformation was 37 cm. The shotcrete
bulged and the steel support distorted very severely. To con-
trol the big deformation, steel support was applied as shown in
Fig. 5. The steel support was then cast into the lining as a
permanent support (Fig. 6). The reinforcement anchor was
also applied. Fortunately, no water was observed, but the
in situ stress was very unfavorable with an overburden of
550 m and big eccentric compression from the mountain side.
In summary, the big deformation occurred in the tun-
neling because of three reasons. Firstly, the rock is phyllite,
which is very soft with a low strength. Particularly when
water is present, the rock will lose its strength and the
tunnel becomes unstable. Secondly, the in situ stress is very
Fig. 1 Steel arch distortion
Fig. 2 Shotcrete cracks
Fig. 3 Shotcrete cracks
Fig. 4 Working face collapsed
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high with a serious eccentric compression. The rock bed-
ding is oblique to the tunneling direction with a small
angle. The excavation released the normal stress on the
bedding, which caused a big deformation. Finally, the
initial support (shotcrete and rock bolt) was not strong
enough and could not provide enough normal stress to the
bedding. In addition, the lining was installed too late to
allow more stress release.
The site observation also indicated that the rock weath-
ered very fast after the excavation, and a quicker application
of shotcrete was effective to prevent the rock from weath-
ering. Laboratory tests found that the rock properties were
closely related to the confinement pressure. With the
decrease of confinement pressure, both rock strength and
Young’s modulus decrease sharply. Particularly when the
rock contained water, the rock loses a lot of strength.
3 Tunneling strategy
Among the reasons causing big deformation, compared
with high in situ stress and soft rock that cannot be changed
during the construction, the rock strength loss and rock
stiffness decrease can be improved by providing quick and
strong support pressure to the rock and keeping the rock
dry. Based on the site observation and laboratory test
results, a set of tunneling strategies was proposed to
overcome the big deformation problem.
3.1 Construction principle
To avoid big deformation, a construction principle was
established for the tunneling including the following:
(1) Effort should be made to provide confinement
pressure to the rock.
(2) Exposure time of rock at/near the working face
should be shortened to avoid rock weathering and
loosing.
(3) The water should be kept out of the tunnel by
reducing the water stay time and strengthening water
drainage.
(4) The working face would be kept stable to avoid it
collapsing, which will seriously delay the tunnel
advancing and increase treatment cost.
(5) Field data and information should be collected, back
analyzed, and returned to guide the construction and
rock support design.
(6) The tunnel advance should be improved if the safety
can be assured.
(7) An allowable rock deformation should be given
in the design to prevent the second expansion
excavation.
3.2 Specific measures for the construction
Based on the construction principle above, a set of specific
construction measures including 11 items was proposed:
• An advanced geological prediction needs to be done.
The geology in front of the working face needs to be
explored before the excavation to predict water condi-
tion, fractured zone, etc.
• The rock deformation monitoring needs to be done
during the construction. Information such as crown
subsidence and convergence needs to be collected and
back analyzed to judge the tunnel stability, optimize the
rock support parameters and construction scheme, and
determine the allowable deformation, initial support
parameters, and lining installation time.
• An allowable rock deformation is needed to avoid
second expansion excavation. The determination of the
allowable deformation would be based on the achieve-
ment from the advanced geological prediction and rock
deformation monitoring results. A method to predict the
Fig. 5 Steel support
Fig. 6 Steel support casted in lining
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rock deformation would be established to support the
determination of allowable rock deformation.
• After the excavation, shotcrete would be applied
immediately to the exposed rock at/near the working
face in order to reduce the rock exposing time, avoid
rock weathering, and prevent rock strength and stiffness
from decreasing.
• Water would be drained out of the tunnel to avoid water
pond in the tunnel to prevent the rock from soaking and
softening.
• If the rock is heavily fractured, keeping the working
face stable is most important. This can be assured by
controlling the step advance, strengthening support,
reserving core soil to support the working face, and
preventing the working face from collapsing.
• Integrated support of the steel arch, rock bolt, rein-
forcement mesh, and shotcrete would be applied
immediately after the excavation. Keeping the support
as a whole with a strong connection and improving the
support stiffness are very important.
• The steel arch is a major load-bearing support. Except
the steel arch stiffness itself, the longitudinal steel arch
stiffness is also very effective to resist the big
deformation. This can be achieved by connecting steel
arches using longitudinal steel beams. In addition,
keeping the steel arch close at bottom as a loop is also
effective.
• Although it is verified that long rock bolts (9 m or
longer) are workable to resist big deformation, long
rock bolts are not applicable in this tunnel as the tunnel
diameter is small. Short rock bolts (4.5 m) are
suggested to connect the steel arches to the rock.
• Shotcrete is useful to prevent the rock from weathering
and to provide an integrated support pressure to the
rock. Shotcrete would be applied again in time if it was
cracked.
• Lining can provide a strong support; earlier application
of the lining can effectively resist big deformation. It is
suggested to apply lining within a distance of twice the
tunnel diameter from the working face.
3.3 Measures to speed up the tunneling
The specific measures above were preliminarily applied to
the tunneling in the branch tunnel 2 and a good result was
obtained, but with a very slow advance. The main reason
causing slow advance is that the lining is applied using a
full frame that takes a long time (9–12 m per half a month)
and the working face must be stopped during the lining
installation. To solve this problem, the following measures
were taken:
(1) Instead of the full frame, a formwork jumbo was used
to allow the transportation passing through.
(2) The upper part of the lining was applied first to
provide fast support to the rock, and the invert part of
the lining was then followed.
(3) A good road condition was kept to allow easy
entrance of transportation and manpower to improve
the construction effectiveness.
(4) The ventilation is strengthened to improve the air
condition to enhance the construction effectiveness.
(5) The full face excavation was suggested, but core soil
must be reserved to assure the working face stability.
After adopting the measures above, the tunneling was
speeded up with an average advance of more than
60 m/month.
4 Field monitoring
In order to check the effectiveness of the tunneling strategy
above, a series of field monitoring procedures was carried
out during the construction at branch tunnel 2. A total of 18
monitoring sections was carried out, 5 of them being at the
upstream area and the others at the downstream. The
monitoring items include (1) convergence, (2) rock support
(rock bolt, steel arch, and lining) stress, and (3) contact
pressure between rock and lining.
4.1 Convergence
The convergence was conducted at three sections, and
monitored data are listed in Table 1 (the third column). In
fact, the monitored data are not the total convergence, but
are only partial as the monitoring started at a distance
behind the working face. To evaluate the convergence
developing with the advancing, numerical modeling was
carried out and a relation of displacement percentage ver-
sus distance coefficient was obtained as shown in Fig. 7.
From the relation, the prior convergence occurring before
the monitoring as listed in Table 1 (the fifth column) could
be calculated according to the distance behind the face (the
forth column) when the first monitoring data were read.
The total deformation was then calculated from the sum of
the monitored convergence and the prior one as listed in
Table 1(the last column).
As an example, Fig. 8 shows the convergence moni-
toring data at Section S3 ? 770.0. It can be seen that the
monitored convergence is small with a maximum of only
18 mm. More importantly, the convergence initially
increases with the tunnel advancing, but gradually tends to
be a certain value, indicating that the tunnel is stable.
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4.2 Contact pressure between rock and shotcrete
Figure 9 shows the monitoring data of the contact pressure
between the rock and shotcrete at Section S3 ? 762.8. As
shown in the figure, the contact pressure is very small with
a maximum value of 0.47 MPa, and the contact pressure
tends to be stable.
4.3 Steel arch stress
Figure 10 shows the monitoring data of steel arch stress at
D of Section S3 ? 766.8. As shown in the figure, the steel
arch stress with tunneling converges very fast, and the
stress is small with a maximum stress of less than
100 MPa.









1 S3 ? 634.4 160 5.0 98/(38) 258
2 S3 ? 762.8 30 2.4 5/(13) 35





































Fig. 7 Relation of displacement percentage versus distance coefficient. S is distance from the working face and D is the tunnel diameter
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Fig. 8 Convergence monitoring data at Section S3 ? 770.0
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4.4 Lining strain
Figure 11 shows the monitoring data of lining strain at
Point A of Section S3 ? 657.6. As shown in the figure, the
concrete strain is small with a maximum of \180 le, and
the strain tends to be stable.
The monitoring results above indicate that the rock
deformation is effectively controlled by applying the pro-
posed tunneling strategy. The stress on the support is small
and the contact pressure between the rock and shotcrete is
within the allowable value, which suggests that the tunnel
is stable and the tunneling strategy is applicable.
4.5 Site observation
From the site observation, no shotcrete failure was found
near Sections S3 ? 762.8 and S3 ? 770.0, but shotcrete
cracking and steel arch distortion were observed near
Section S3 ? 634.4. This agrees well with the monitored
deformation. However, the support failed though the tunnel
became stable, which indicates that an allowable defor-
mation would be given to the support design to prevent the
support from failing.
5 Determination of allowable deformation
To determine the allowable deformation, a maximum
deformation would be obtained. According to the Fenner
formulae, the yielding radium, normal stress at the border
between the elastic zone and the yielding zone, and tunnel
deformation are related to rock properties, overburden,
tunnel radium, and support pressure as
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Fig. 9 Monitoring data of contact pressure at Section S3 ? 762.8







































Fig. 10 Monitoring data of steel arch stress at D of Section S3 ? 766.8
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r0 ¼ a 2nþ 1 
ryðn 1Þ þ Rb

























n ¼ 1 þ sin /
1  cos / ;
Rb ¼ 2c cos /
1  sin / ;
c is cohesion, / is the friction angle, a is the tunnel radium,
r0 is the yielding radium, rr0 is the normal stress at the
border between the elastic zone and the yielding zone, ua is
the tunnel deformation, K is the bulk modulus of rock, Pa is
the support pressure, andry is the vertical in situ stress
Figures 12, 13 show the yielding radium and tunnel
deformation versus support pressure for overburden of
different depths. From the figures, it can be found that a
higher overburden causes a bigger yielding radium and
tunnel deformation, while a bigger support pressure could
decrease the yielding radium and tunnel deformation.
Based on Eq. (1) and taking account of the respective
installation time of the initial support and lining, the tunnel
deformation was estimated as 10–30 cm for evaluated
cohesion of 0.05–0.20 MPa. Compared to the monitoring
results as listed in Table 1, it can be seen that the defor-
mation estimation agrees well with the monitored result.
Therefore, the allowable deformation for this project was
determined as 30 cm, which was verified by the further
construction.
6 Conclusions
Big deformation with a maximum up to 2.0 m was
observed in the tunneling of the diversion tunnel of
Dongsong Hydropower Station. The shotcrete was cracked


































Fig. 11 Concrete strain of lining at A of Section S3 ? 657.6

































Fig. 12 Yielding radium versus support pressure for different
overburden values
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Fig. 13 Tunnel deformation versus support pressure for different
overburden values
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and the steel arch was distorted due to the big deformation.
In order to solve this problem, a construction strategy was
proposed and an allowable deformation was determined for
further construction of the tunnel.
• A construction principle was established based on a
concept of mainly maintaining the rock strength/
stiffness and keeping the rock dry, by providing a
confinement pressure to the rock, reducing the rock
exposure time, keeping water out of the tunnel, etc. A
set of construction measures with 11 items was then
proposed and applied to the construction, and a good
result was achieved. It was found that among them,
reserving core soil at the working face and applying
immediate initial support to the rock after excavation
were most effective to control the rock deformation.
• Presetting a bigger allowable deformation in the
support design is necessary as the soft rock needs an
obvious deformation before becoming stable; other-
wise, the support may fail. The allowable deformation
can be determined through an integrated manner of
theoretical prediction and monitoring verification. In
this study, an allowable deformation of 30 cm was
obtained and applied to the support design, which had a
good achievement in further construction of the tunnel.
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